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ABSTRACT
Tidal Disruption Events (TDEs) are characterized by the emission of a short burst of high-
energy radiation. We analyze the cumulative impact of TDEs on galactic habitability using
the Milky Way as a proxy. We show that X-rays and extreme ultraviolet (XUV) radiation
emitted during TDEs can cause hydrodynamic escape and instigate biological damage. By
taking the appropriate variables into consideration, such as the efficiency of atmospheric
escape and distance from the Galactic center, we demonstrate that the impact of TDEs on
galactic habitability is comparable to that of Active Galactic Nuclei. In particular, we show
that planets within distances of ∼ 0.1-1 kpc could lose Earth-like atmospheres over the age of
the Earth, and that some of them might be subject to biological damage once every& 104 yrs.
We conclude by highlighting potential ramifications of TDEs and argue that they should be
factored into future analyses of inner galactic habitability.
Key words: astrobiology, planets and satellites: atmospheres, planets and satellites: terrestrial
planets, quasars: supermassive black holes, transients: tidal disruption events, Galaxy: nucleus
1 INTRODUCTION
The concept of habitability is complex due to its inherently multi-
faceted nature. In particular, habitability is regulated by a plethora
of processes spanning a diverse range of spatial and temporal scales.
While most studies have exclusively focused on habitability at the
planetary or stellar levels (Cockell et al. 2016; Lingam & Loeb
2019b), it has been increasingly appreciated over the past couple
of decades that high-energy astrophysical phenomena may regu-
late habitability on galactic scales (Gonzalez 2005; Prantzos 2008).
Most studies in this realm have tended to focus on the effects of su-
pernovae and Gamma Ray Bursts; see the recent reviews by Gowan-
lock & Morrison (2018); Kaib (2018).
Over the past few years, the impact of Active Galactic Nuclei
(AGNs) has attracted greater attention, building on earlier studies
(Clarke 1981; Gonzalez 2005). In particular, recent studies indicate
that AGNs could drive the complete depletion of Earth-like atmo-
spheres across a significant fraction of planets in galaxies (Balbi &
Tombesi 2017; Forbes &Loeb 2018;Wisłocka et al. 2019), promote
disruption of biospheres due to elevated radiation fluxes (Balbi &
Tombesi 2017; Lingam et al. 2019; Amaro-Seoane & Chen 2019),
and permit the synthesis of prebiotic compounds and carbon fixation
(Lingam et al. 2019; Liu et al. 2020). A crucial property of AGNs
? E-mail: balbi@roma2.infn.it
should, however, be borne in mind: they are relatively short-lived,
and only a small fraction of all galaxies are “active” at any given
moment in time (Krolik 1999).
Aside from AGNs, another crucial high-energy process intrin-
sically associated with supermassive black holes (SMBHs) is tidal
disruption events (TDEs).1 The existence of TDEs was predicted
and modeled in the 1970s and 1980s (Hills 1975; Frank & Rees
1976; Lacy et al. 1982). These phenomena arise when stars tra-
verse too close to SMBHs, and are consequently disrupted by the
latter’s tidal field (Komossa 2015; Alexander 2017; French et al.
2020). Despite the fact that TDEs are expected to recur in a wide
range of galaxies, primarily those which host SMBHs of masses
∼ 106 − 108 M (Stone et al. 2019), there have been no studies
devoted to assessing their impact on galactic habitability.
Hence, our goal is to explore the cumulative impact of TDEs
by specifically focusing on the Milky Way and Sagittarius A* (Sgr
A*) herein. The outline of this paper is as follows. In Sec. 2, we
describe some basic properties of TDEs and our methodology. We
present the ensuing results in Sec. 3, and analyze the ramifications
for habitability in Sec. 4.
1 Although we will treat TDEs and AGNs as independent phenomena here-
after, Padmanabhan & Loeb (2020) recently suggested that the former might
trigger the latter in some instances, especially at higher redshifts.
© 2020 The Authors
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2 MODELING THE IMPACT OF TDES ON
HABITABILITY
In this Section, we describe our methodology to quantify the effects
on habitability engendered by TDEs. Stars with massM? and radius
R? undergo tidal disruption if they approach the SMBH of mass
MBH closer than the tidal radius Rt ≈ R? (MBH/M?)1/3 (Hills
1975). During the course of a TDE, roughly one-half of the stellar
mass escapes on a hyperbolic orbit, whereas the rest falls inward
onto the black hole at a rate ÛM . The accretion rate is often modeled
via the following power-law parametrization (Rees 1988; Lodato
et al. 2015):
ÛM = M?
3tmin
(
t + tmin
tmin
)−5/3
, (1)
where tmin is defined as
tmin =
pi√
2
(
Rt
R?
)3/2 √ R3t
GMBH
≈ 41M1/26 d, (2)
for a solar-type star, with M6 = MBH/(106 M). The power-law
exponent of −5/3 in (1) is not accurate sensu stricto (Auchettl et al.
2017), but it suffices for our purposes. The energy acquired during
accretion is re-emitted by the accretion disk over the span of ∼ 1
yr (Komossa 2015) with a luminosity L = η ÛMc2, where η ∼ 0.1
is the typical radiative efficiency. By employing (1) in conjunction
with the definition of L, the upper bound on the total energy (Etot )
emitted is given by
Etot =
∫ ∞
0
L dt =
ηM?c2
2
, (3)
where the “clock” is started at t = 0 hereafter. In order to estimate
the fraction fXUV of total energy emitted in the X-ray and extreme
ultraviolet (XUV) band, we opt to model the TDE as a black body
with a temperature of kBT? ≈ 100 eV (Saxton et al. 2017), and
specify the XUVwavelength range of 1.24×10−3 < λ < 1.24×102
nm, i.e., corresponding to energies of 10−106 eV. For the black body
ansatz, we find that fXUV ≈ 0.99, implying that the overwhelming
majority of the total energy is emitted as XUV photons.
2.1 Hydrodynamic loss
The flux of XUV photons (FXUV ) at a given distance D is
FXUV =
fXUV Le−τ
4piD2
, (4)
under the assumption of isotropic radiation; note that τ denotes
the effective optical depth along the line of sight that is discussed
further below. The XUV incident on a planet at this distance is
capable of driving atmospheric escape through a number of channels
(Owen 2019; Lingam & Loeb 2019b). We will model the resultant
atmospheric loss via energy-limited hydrodynamic escape (Balbi &
Tombesi 2017), thereby yielding
Mlost =
3
4
ε
Gρp
∫ ∞
0
FXUV dt, (5)
where Mlost is the mass lost during a single TDE, ρp is the density
of the planet, and 0.1 ≤ ε ≤ 0.6 is the heating efficiency that
describes the conversion of incident power into atmospheric loss.
By combining (3), (4) and (5), we obtain
Mlost =
3
4
ε
Gρp
fXUV e−τ
4piD2
(
ηM?c2
2
)
. (6)
There are two important caveats concerning our model. First,
when it comes to τ, there are two contributors: (i) the dusty torus at
the center of an active galaxy (Urry & Padovani 1995), and (ii) the
interstellar medium. While we take (i) into account along the lines
described in Balbi & Tombesi (2017), tackling (ii) is much more
complex as it depends not only on the wavelength range but also
D and the galactic morphology (e.g., spiral or elliptical). Hence, as
with prior publications on AGNs, we do not incorporate this contri-
bution to τ. The second limitation stems from the exclusion of the
beaming effect in TDEs (Dai et al. 2018; French et al. 2020). As-
sessing the impact of beamed emission is rendered difficult, because
the number of stars affected by the beamed emission depends not
only on the solid angle Ω but also the orientation of the beam axis
and the galactic morphology. For this reason, we restrict ourselves
to studying isotropic emission hereafter.
2.2 Biological hazards
A proper assessment of the biological hazards entails more sub-
tleties because the characteristics of putative biota are unknown, as
are the properties of the planetary atmosphere under question.
On account of these reasons, we will utilize a simplified ap-
proach to assess the impact of XUV radiation on biota. It is known
that ionizing radiation becomes lethal to Earth-based organisms
after a certain critical threshold is exceeded (Dartnell 2011). As
laboratory experiments are performed over a finite time, the thresh-
olds are typically expressed in units of fluences. We adopt critical
fluences of Fc ≈ 5× 105 erg cm−2 for eukaryotic multicellular life-
forms andFc ≈ 5×107 erg cm−2 for prokaryoticmicrobes, based on
Scalo & Wheeler (2002, Section 6.2) and Balbi & Tombesi (2017).
The electromagnetic energy emitted in the XUV band during
a single TDE (E) is found by integrating the luminosity over the
characteristic timescale of ∆t ∼ 1 yr, analogous to estimating Etot
in (3), thus yielding
E =
∫ ∆t
0
fXUV · L dt. (7)
For a solar-type star that undergoes tidal disruption, the above for-
mula yields E ≈ 7 × 1052 erg, which is consistent with prior the-
oretical estimates (e.g., Lu & Kumar 2018). Under the assumption
of isotropic emission, the fluence F at distance D is given by
F = Ee
−τ
4piD2
= 5.8 × 108 erg cm−2 e−τ
(
D
1 kpc
)−2
. (8)
In comparison, the high-energy electromagnetic radiation delivered
by a supernova over the same timescale of ∼ 1 yr at distance D is
roughly predicted to be (Ellis & Schramm 1995, Equation 1):
F = 6.6 × 107 erg cm−2
(
D
1 pc
)−2
. (9)
When the fluence becomes equal to the critical values delineated
previously, the corresponding distances (Dc) are estimated using
Dc =
√
Ee−τ
4piFc . (10)
There are two caveats worth mentioning at this juncture. First,
the threshold has been expressed in terms of fluence, but the
timescale over which a given fluence is exceeded also plays a vital
role.2 Over the span of ∼ 1 yr considered above, the XUV fluence
2 To put it differently, even a small flux will eventually exceed Fc after
sufficient time.
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of the modern Sun is F⊕ ≈ 1.5 × 108 erg cm−2, based on the XUV
flux of F⊕ ≈ 4.64 erg cm−2 s−1 (Ribas et al. 2005). Hence, the
XUV fluence of a Sun-like star is actually higher than (8) in the
event that D & 1 kpc. Second, the majority of XUV radiation will
be absorbed by a thick atmosphere (Scalo & Wheeler 2002; Melott
& Thomas 2011), implying that the above results are accurate only
for highly tenuous atmospheres, and should therefore be viewed as
upper bounds. However, regardless of the atmosphere, what is un-
deniable is that the top-of-atmosphere XUV fluence at D ∼ 0.1 kpc
is orders of magnitude higher than F⊕ as well as a supernova at ∼ 1
pc, as seen from (8) and (9). In other words, the effects induced by
TDEs at this distance would be comparable or higher than SNe at
∼ 1 pc, which are expected to be considerable (Gehrels et al. 2003;
Branch & Wheeler 2017).
Hence, a different approach entails the adoption of (i) flux
instead of fluence, and (ii) photon wavelengths that can pene-
trate through an Earth-like atmosphere. To this end, we adopt the
methodology proposed in Lingam et al. (2019), that was based on
Melott & Thomas (2011). The basic idea is that doubling the top-of-
atmosphere (TOA) UV-C flux, for a world akin to Hadean-Archean
Earth, might result in large-scale extinction of biota. The flux in this
wavelength range is determined via
FUVC =
fUVCLe−τ
4piD2
, (11)
where fUVC is the energy fraction of radiation emitted at UV-
C wavelengths. By employing the black body spectrum with T?,
we obtain fUVC . By equating FUVC with the TOA UV-C flux of
2.2 × 103 erg cm−2 s−1 (Rugheimer et al. 2015), we determine
the value of D at which disruption of the biosphere may be pos-
sible. We caution that, even when it comes to such worlds, it is
well-known that . 1 m of water can effectively protect aquatic or-
ganisms from UV photons (Cleaves & Miller 1998); similar shield-
ing could arise from soils and UV screening compounds (Cockell
& Knowland 1999). Furthermore, terrestrial worlds with massive
atmospheres (e.g., Super-Earths) or substantial haze densities are
capable of conferring additional protection against XUV radiation
(Arney et al. 2016; Lingam & Loeb 2019b). It is, therefore, impor-
tant to recognize that our estimates are partly heuristic.
3 RESULTS
We apply the methodology outlined in the previous section and
adumbrate the salient results.
3.1 Effects on the atmosphere
As one may expect, due to their transient nature, a single TDE
does not cause significant atmospheric loss. A terrestrial planet at
D = 0.1 kpc is depleted of merely ∼ 10−5 of the total mass of
Earth’s present-day atmosphere (denoted by Matm, ⊕ ≈ 5.1 × 1021
g) for ε = 0.6 during a single TDE. Therefore, it is more instructive
to calculate the cumulative atmospheric escape due to TDEs over
a span of 5 Gyr; this timescale is chosen as it corresponds to the
age of our Solar system. We adopt a TDE rate of ∼ 10−4 yr−1 per
galaxy (Komossa 2015). The results are depicted in Figure 1.
It is important to recognize that the atmospheric loss from
TDEs complements the depletion caused by the AGN phase. Hence,
it is necessary to gauge the relative degree of atmospheric loss
caused by TDEs and the AGN phase. In Figure 2, we show the
atmospheric mass resulting from TDEs and the AGN phase. For
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Figure 1. Total mass (in units of Earth’s present-day atmospheric mass) lost
by a terrestrial planet at distance D due to TDEs over a span of 5 Gyr. We
have adopted a TDE rate of ∼ 10−4 yr−1 per galaxy. The results are shown
for two values of the efficiency of hydrodynamic escape (ε). In both cases,
we consider isotropic radiation propagating in an optically thin medium.
fixed values of the free parameters, namely D, ε and τ, we observe
that the mass loss due to TDEs is a few times smaller than the AGN
phase. However, it is important to recall that many TDEs exhibit
beamed emission (Dai et al. 2018). When the beaming effect is
included, themass lossmight become comparable to (or even higher
than) the AGN phase, although uncertainties remain (see Sec. 2.1).
On the other hand, the number of worlds that would be affected by
beamed emission are correspondingly fewer than the isotropic case.
It is not easy to extract a generic result regarding the extent
of the zone where atmospheric loss due to TDEs is prominent.
The reason stems from the fact that there are three variables in-
volved, namely, ε, τ and Ω. Nonetheless, in all cases, we find that
Mlost & Matm, ⊕ is fulfilled when the distance obeys D . 0.1-1
kpc. In contrast, if we are interested in the zone where Mars-like
atmospheres are completely lost, it is more than an order of mag-
nitude higher, i.e., the critical distance becomes ∼ 1-10 kpc. On
the other hand, the depletion of massive Super-Earth atmospheres
is much more difficult, and thus shrinks the zone to ∼ 10 pc.
Before moving ahead, a few caveats must be spelt out. The
formalism in Sec. 2.1 does not account for other source and sink
terms (Catling & Kasting 2017), such as volcanic outgassing, conti-
nental weathering, and biological processes (e.g., photosynthesis).
In other words, we assumed that the atmosphere exists in steady-
state, with the sole exception of transient high-energy astrophysical
processes that subsequently drive the intermittent atmospheric loss.
Second, we invoked the paradigm of energy-limited hydrodynamic
escape, but magnetohydrodynamic escape mechanisms are poten-
tially dominant for certain inner Solar system worlds and exoplanets
(Brain et al. 2016; Dong et al. 2017, 2018).
Lastly, it is possible that the planet’s atmosphere may return
to its “normal” levels in the & 104 yrs separating TDEs (Stone
et al. 2020). However, the loss of 10−5 of its atmosphere in a short
timespan of 1 yr at the distance of ∼ 0.1 kpc as noted earlier could
nevertheless be detrimental. In particular, the escape rate becomes
higher than its background value due to stellar irradiation by several
orders of magnitude at ∼ 0.1 kpc. Such a rapid increase has been
posited as one of the chief reasons for the Triassic-Jurassic mass
MNRAS 000, 1–5 (2020)
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Figure 2. Total mass (in units of the Earth’ĂŹs present-day atmospheric mass) lost by a terrestrial planet at distance D. The left panel depicts the contribution
from the AGN phase (Balbi & Tombesi 2017). The right panel illustrates the total radiative feedback from Sgr A*, i.e., considering the AGN phase and TDEs
over a span of 5Gyr. We show the results for two values of the efficiency of hydrodynamic escape (ε) and the optical depth (τ), which parametrizes the presence
(τ = 1) or absence (τ = 0) of the obscuring torus during the AGN phase.
extinction (Wei et al. 2014), suggesting that similar detrimental
effects are conceivable on other worlds.
3.2 Biological damage
Webeginwith estimatingDc by employing (10) for the two different
values of Fc described in Sec. 2.2. After further simplification, we
obtain Dc ≈ 3.42 kpc and Dc ≈ 34.2 kpc for prokaryotes and
eukaryotes, respectively, after using the parameters for Sgr A* and
choosing τ = 0. Therefore, only at distances D > Dc would these
organisms not be susceptible tomajor damage. In comparison, Balbi
& Tombesi (2017) carried out analogous calculations for the AGN
phase of Sgr A*, and obtained Dc ≈ 1.33 kpc and Dc ≈ 13.3 kpc
for prokaryotes and eukaryotes, respectively. Hence, insofar as Dc
is concerned, it would appear as though TDEs have a slightly more
severe impact than the AGN phase.
At first glimpse, this appears to contradict the indubitable ex-
istence of complex muticellularity on Earth over the past > 1 Gyr
(Knoll 2011), because the Sun is 8 kpc from the Galactic center,
which is smaller than Dc . However, this is where the two caveats
delineated in Sec. 2.2 come into play. To begin with, selectingD = 8
kpc in (8) yields a fluence that is more than an order of magnitude
smaller than F⊕ , i.e., the solar XUV fluence in the same period.
Moreover, the Earth’s atmosphere would prevent the bulk of this
XUV radiation from penetrating to the surface. Hence, we reiterate
that the above two estimates for Dc are upper bounds, and apply to
worlds with very tenuous atmospheres.
The next factor that we consider is the biological damage via
UV-C radiation incident on an Earth-analog, following the proce-
dure described after (11). After selecting τ = 0 and the parameters
for Sgr A*, we obtain a critical distance of 0.6 pc if we suppose
that L is the average luminosity of the TDE in (11), and 1.7 pc if
we use the peak luminosity instead. In comparison, the correspond-
ing critical distance for Sgr A* during the active phase is 9.4 pc
(Lingam et al. 2019), implying that the zones of biological damage
associated with TDEs and AGNs are typically within an order of
magnitude of each other.
However, the above distances aremerely loose lower bounds on
the zones of biological damage. At such close distances, the XUV
fluence is many orders of magnitude higher than that from a Sun-
like star, and will therefore have potentially severe consequences
for biota, even when the majority is absorbed by the atmosphere.
There is also the issue of atmospheric evaporation as noted in Sec.
3.1; only Super-Earths with massive atmospheres would avoid total
atmospheric loss at these distances (Chen et al. 2018); such worlds
are quite common in the Solar neighborhood (Kaltenegger 2017).
Lastly, at such distances, planets are subjected to regular impacts
by relativistic gas and dust that could pose additional impediments
for habitability (Sturm et al. 2018).
4 CONCLUSION
In this paper, we analyzed the impact of TDEs on galactic habitabil-
ity by taking two major factors dependent on high-energy radiation
into consideration: atmospheric loss and biological damage. We
chose to focus on Sgr A* because its fundamental parameters are
well constrained, and due to the fact that we know of at least one
planet hosting life (i.e., Earth) in the Galaxy.
In the context of atmospheric depletion, we employed a simple
hydrodynamic model to model this effect. We concluded that plan-
ets with Earth-like atmospheres may undergo total depletion over
a span of 5 Gyr up to distances of D ∼ 0.1-1 kpc; the variation in
the distance arises due to the free parameters involved. Next, we in-
vestigated the constraints on biological damage arising from TDEs.
Although our model suggests that significant biological hazards are
posed by the TDEs up to distances of D ∼ 10 kpc, this constitutes a
loose upper bound in all likelihood. At distances of D ∼ 0.1-1 kpc,
we found that the XUV fluences are higher than, or comparable to,
those received by temperate planets around Sun-like stars, implying
that worlds within this zone might experience non-trivial biological
damage because of the higher radiation levels.
As per our findings, worlds at distances of D . 0.1-1 kpc may
be susceptible to major perturbations of their biosphere by TDEs.
Quite intriguingly, the mean interval between these disruptions is
& 104 yrs (Komossa 2015; Stone et al. 2020), which is not far
removed from the characteristic timescales of ∼ 104 − 105 yrs
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associated with Milankovitch cycles (Berger 1988). Therefore, for
such worlds, it is conceivable that TDEs could potentially play the
role of Milankovitch cycles in regulating climactic and biodiversity
patterns. At even closer distances to theGalactic center, TDEsmight
initiate periodic mass extinctions, along the lines of Earth’s alleged
extinction periodicity of order 10 Myr (Bambach 2006). Whether
life can persist over long timescales on this class of worlds would
depend on the recovery timescale after extinction(s), which in turn is
partly governed by the severity of the extinction(s); for instance, the
most severe mass extinction in the Phanerozoic, in the end-Permian,
entailed a recovery time of ∼ 10Myr (Chen & Benton 2012).
To summarize, two broad conclusions emerge from this work.
First, the cumulative deleterious impact of TDEs on habitability is
broadly comparable to that of AGNs. Second, as the distance up to
which the effects on surficial habitability are prominent could be
∼ 0.1-1 kpc from the central black hole of the Milky Way, some
fraction of the total number of planetary systems in the Milky Way
within this regionmay have been adversely affected by the combined
action of TDEs and the active phase of our Galaxy.3 Although
there are some vital factors that have been set aside, our analysis
suggests that TDEs might exert a substantive influence on planetary
habitability at distances . 0.1-1 kpc from the central black hole of
the MW. Hence, not only may they merit further investigation along
the same lines as supernovae, gamma-ray bursts and AGNs, but they
ought to be incorporated into state-of-the-art numerical models that
track the spatio-temporal evolution of of galactic habitability at sub-
kpc distances (Dayal et al. 2015; Forgan et al. 2017; Stojković et al.
2019).
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